We investigate the effect of SiC stacking on the 4H-SiC/SiO 2 interface, both in the presence and absence of O defects, which appear during thermal oxidation, via first principles calculations. It is known that 4H-SiC(0001) has two different surface types, depending on which of the two lattice sites, h or k, is at the surface [K. Arima et al., Appl. Phys. Lett. 90, 202106 (2007)]. We find interlayer states along the conduction band edge of SiC, whose location changes depending on the interface type, and thus too the effect of defects. When h sites are directly at the interface, O defects remove interfacial conduction band edge states. On the other hand, when k sites are at the interface, the conduction band edge is insensitive to the presence of O defects. These differences will impact on the operation of SiC devices because the most commonly used SiC based metaloxide-semiconductor field-effect transistors rely on the electronic structure of the conduction band.
Silicon carbide (SiC) is a wide band-gap semiconductor material that can be used for high temperature and power electronic devices, in conditions where the traditionally used Si fails. These improved properties are due to the presence of strong Si-C bonds. Like Si, its native oxide is SiO 2 , which can be grown via thermal oxidation, making it useful for metaloxide-semiconductor field-effect transistors (MOSFETs), primarily of the n-channel type.
However, its use in practical devices has been hampered by the low channel mobility of the SiC/SiO 2 interface compared with bulk SiC 1,2 . This has been partly attributed to a variety of C and O defects found on both sides of the interfacial region [3] [4] [5] [6] . Traditionally research has focused on defects which contribute interface gap states, but advances in interface growth techniques mean that these gap states no longer make a significant contribution to reductions in mobility [7] [8] [9] . Further advances require new information.
SiC has many different polytypes, the most commonly used of which is 4H-SiC. This consists of four repeated SiC bilayers, with two inequivalent lattice sites for the Si and C atoms. Based on their local symmetries, these are often labelled h for hexagonal and k for quasi-cubic, as shown in Fig. 1 . At h sites the connected SiC bilayers have Si-C bonds in opposite directions, whilst for k sites these Si-C bonds run parallel. The local structure around the SiC/SiO 2 interface will change depending on which of these sites is at the SiC surface 10, 11 . For convenience these will be referred to as h and k type interfaces based on the site which the surface Si atom occupies. Previous work looking at bulk SiC reported interlayer floating states at the conduction band edge (CBE) 12,13 , but have not reported the effect of defects at the SiC/SiO 2 interface. Floatings states appear between subsequent SiC bilayers with the same orientation.
Here we investigate how the energies and local density of states (LDOS) of the interface changes with interface type, and when O atoms are subsequently introduced. This is important for real devices, because currently the surface SiC bilayer cannot be controlled during the thermal oxidation process. Due to differences in local structure, floating states are observed at the interface for h type, but from the second bilayer down for k type. More interestingly, O defects behave differently in the two interfaces, removing the floating states at the h type whilst leaving the k type unchanged. The variation of the floating states at the CBE is expected to affect the carrier mobility at the interface because the operation of n-channel MOSFETs relies on the electronic structure at the CBE.
Calculations are carried out using RSPACE 14 , which performs density functional the- The interface is modelled using 6 bilayers of 4H-SiC and 9Å thick of β-tridymite SiO 2 , with the interface made at the SiC (0001) The bottom H atoms and SiC bilayer are held fixed and structural optimization is performed on all remaining atoms to reduce the forces between atoms. A variety of known O defects [3] [4] [5] [6] are introduced into the SiC. Full details on interface atomic structures including defects will be described later.
Formation energies for defects are calculated according to
where E nO is the energy of the interface containing n excess O atoms and µ O is the chemical Formation energies can reveal which defect structures are more likely to form, giving an idea of their relative abundance at the interface, but do not give an insight how their properties differ from the clean interface. Thus we also examine the LDOS for both types of interface, with and without defects. The LDOS is calculated according to
where ε i,k are the eigenvalues of the wavefunction, with indexes of i and k for the eigenstate and the k-point respectively. N = 2 π α is the normalisation factor, with α as the smearing factor, here set to 13.5 eV −2 .
Before looking at defects, it is useful to compare the clean interface. We find that the h type interface is lower in energy than the k type by 0.27 eV per 3 × 3 √ 3 region. The LDOS for these two structures, as shown in Fig. 2 , is mostly the same, except for along the CBE, where several oval-like features can be seen, whose location changes with interface type. For h type, one of these states is at the interface, whereas for k type the first state does not appear until the second bilayer. This changes the band gap in the vicinity of the interface. These CBE states are the previously noted floating states 12, 13 , with the difference in location a reflection of the local structure at the interface. To aid with future discussions on this matter, we introduce channel depth, a measure of the number of subsequent SiC bilayers with the same orientation. Channel depth is essentially the same concept as the channel length discussed in Ref. 13 , but the procedure for counting the length of a channel is different. We use a slightly different term because our counting procedure is more intuitive for describing the interface. For bulk 4H-SiC the longest channel depth is two. At the h type interface the channel depth is also two, but for the k type interface the depth is only one. A minimum channel depth of two is required to observe floating states. This distinction between interface types is important, especially given the position of interfacial defects.
We then introduce O atoms into the interface as shown in Fig. 3 . In our previous study Finally, the LDOS for the V C O 2 structure, as shown in Fig. 6 , which looks similar to the clean interface. Once again, at the CBE the floating state at the h type interface is removed due to channel blocking by the defect, with no change for the k type. In addition, no changes are observed at the VBE for both interface types. There are no defect states because there are no C-O bonds present.
We have also examined some of the C-related defect structures reported in Refs. 3 and 4 and found defect gap states which appear close to the CBE, partially obscuring changes to the floating states. However, if results for C-related defects are included our overall conclusions do not change.
These results are summarized in Fig. 7 , with the primary focus on the h type interface, 
